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RESULTS. The contralateral clinically unaffected eyes of patients with MK demonstrated significant diminishment in nerve density (15, 603 .8 6 1265.2 vs. 24,102.1 6 735.6 lm/ mm 2 ), total number of nerves (11.9 6 1.0 vs. 24.9 6 1.2/frame), number of branches (1.7 6 0.2 vs. 19.9 6 1.3/frame), and branch nerve length (5775.2 6 757.1 vs. 12,715.4 6 648.4 lm/mm 2 ) (P < 0.001 for all parameters) compared to normal controls and CL wearers. Further, dendritiform cell density in the contralateral unaffected eyes was significantly increased as compared to that in controls (117.5 6 19.9 vs. 24.2 6 3.5 cells/mm 2 , P < 0.001).
CONCLUSIONS. We demonstrate a subclinical involvement in the contralateral clinically unaffected eyes in patients with unilateral acute MK. In vivo confocal microscopy reveals not only a diminishment of the subbasal corneal nerves and sensation, but also an increase in dendritiform cell density in the contralateral unaffected eyes of MK patients. These findings show bilateral immune alterations in a clinically unilateral disease.
Keywords: microbial keratitis, in vivo confocal microscopy, dendritic cells, corneal nerves, contralateral T he in vivo study and assessment of corneal inflammation and innervation is important due to its clinical applicability in the management and treatment of ocular surface diseases. 1 Dendritic cells are the most potent antigen-presenting cells (APCs) of the body and mediators of both innate and adaptive immune responses. Given their strategic location in the epithelium and anterior stroma, they are ready to respond to invading pathogens in the cornea and ocular surface. 2, 3 Corneal inflammation results in increased dendritic cell density, and their upregulation of major histocompatibility complex class (MHC)-II expression, as dendritic cells mature and become activated to generate immune responses. 3, 4 Until recently, the assessment of corneal inflammation has been possible only through slit-lamp biomicroscopic examination. However, the current availability of clinical in vivo confocal microscopy (IVCM) provides an opportunity to study corneal changes after microbial keratitis (MK) at a cellular level. [5] [6] [7] The use of this noninvasive imaging technique provides a resolution of images comparable to that with histochemical methods. In vivo confocal microscopy allows systematic studies of corneal epithelial, stromal, and endothelial cells and nerve morphology and density, as well as the study of immune cells such as corneal epithelial dendritiform cells in patients. [8] [9] [10] [11] Increased corneal dendritiform cell density has been observed by IVCM in patients with dry eye, 9 with infectious keratitis, 5 in immune-mediated inflammatory diseases, 10 and in patients with pterygia. 11 The role of corneal innervation is of great interest to clinicians and scientists due to its protective function on the ocular surface through regulation of corneal sensation and the blinking reflex, epithelial integrity, proliferation, and wound healing with the precise release of trophic factors. 12 Several recent studies on humans and animals have shown an association between corneal innervation and both apoptosis Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 and corneal stem cell homeostasis. 13 Specific changes in corneal nerve function and morphology after infection, corneal surgery, and other ocular or systemic pathologies (e.g., diabetes, dry eye disease, contact lens [CL] use, keratoconus, corneal dystrophies) have received increased attention in recent times. 1 Indeed, recently our group has shown that patients with unilateral herpes simplex keratitis (HSK) 6 and herpes zoster ophthalmicus (HZO) 7 have a significant bilateral loss of the corneal nerve plexus as compared to controls, demonstrating bilateral changes in clinically unilateral diseases. These findings were confirmed in an experimental study of trigeminal axotomy using a new mouse model for neurotrophic keratopathy, which demonstrated the loss of subbasal nerves in both the axotomized and contralateral eyes as soon as 24 hours after unilateral axotomy. 14 More recently, we demonstrated that patients with MK have a significant reduction in the subbasal corneal nerve plexus and a concurrent increase in dendritiform cell density. 5 Therefore, given our previously observed contralateral changes in corneal nerves in patients with HSK and HZO, we hypothesized that in nonherpetic MK, corneal nerve alterations in contralateral clinically unaffected eyes would be present and would be associated with concurrent increase in inflammatory cells, such as dendritiform cells.
Thus, the aim of the current study was to analyze the contralateral clinically unaffected eyes of patients with MK for corneal immune cell alterations and their correlation to subbasal corneal nerve changes by laser IVCM.
PATIENTS AND METHODS
We performed a prospective, cross-sectional, controlled, singleblinded study. Twenty-eight patients with diagnosis of MK were included in the study. Both the affected and the contralateral clinically unaffected eyes were studied. Twentyeight eyes of 28 normal volunteers constituted the control group after being screened and ruled out for dry eye disease or any other corneal pathology. Due to the high frequency of CL wear in the infectious keratitis patients, we also enrolled an additional age-matched control group of 15 bilateral soft CL wearers from the community. Patients were recruited from the Cornea & Refractive Surgery Service of the Massachusetts Eye & Ear Infirmary, Boston, Massachusetts, who presented with MK between 2009 and 2010. The study was Health Insurance Portability and Accountability Act compliant, conducted in accordance with the requirements of the Declaration of Helsinki, and approved by the Institutional Review Board/ Ethics Committee from the institution. Participants signed a written informed consent. Detailed history was taken from the patients. The study excluded subjects with any other comorbidities such as history of previous infectious keratitis, ocular inflammatory disease, ocular trauma, ocular surgery, or diabetes. Patients receiving systemic corticosteroid therapy at the time of the examination were also excluded.
Slit-lamp biomicroscopy was performed on all subjects. Diagnosis of acute infectious keratitis was made according to the clinical history, clinical examination, and positive corneal cultures and/or positive confocal findings (in the case of fungal or Acanthamoeba keratitis). Duration of the infection was expressed from the time when patients presented with clinical signs and symptoms of infectious keratitis. Patients were followed at the Cornea Service, and none of them showed any clinical signs of infection in the contralateral eye during their follow-up.
Laser scanning IVCM with the Heidelberg Retina Tomograph 3/Rostock Cornea Module (HRT3/RCM) (Heidelberg Engineering GmbH, Heidelberg, Germany) was performed on the central cornea of both eyes of all MK patients and in one randomly selected eye of normal controls as previously described. 5 The HRT3/RCM uses as a diode laser with a wavelength of 670 nm, providing images that represent a corneal section of 400 3 400 lm. Adjacent images are separated by approximately 1 to 4 lm and have a lateral resolution of 1 lm/pixel. Acquired images are 384 3 384 pixels in size and are stored at a speed of 30 frames per second. The distance from the cornea to the microscope is kept stable by a single-use disposable sterile polymethylmethacrylate cap (Tomo-Cap; Heidelberg Engineering GmbH), filled with a layer of hydroxypropyl methylcellulose 2.5% (GenTeal gel; Novartis Ophthalmics, Basel, Switzerland). Both eyes are instilled with topical anesthesia 0.5% proparacaine hydrochloride (Alcaine; Alcon, Fort Worth, TX, USA) followed by a drop of the lubricant hydroxypropyl methylcellulose 2.5% (GenTeal gel; Novartis Ophthalmics). Another drop of the lubricant is applied on the outside tip of the Tomo-Cap to improve and facilitate the optical coupling to the examined eye; then the microscope is manually advanced until the gel has contacted the central surface of the cornea. A total of four to eight scans in sequence and automatic volume scan mode were obtained in the center of each cornea with special emphasis on epithelial dendritiform cells at the level of basal epithelial cells, on the subbasal nerve plexus, Bowman's layer, and anterior stroma at depths from 20 to 100 lm. When a corneal ulcer was present with an epithelial defect in the central cornea, both the ulcer and the surrounding area were scanned and analyzed. The scans yielded at least 100 to 300 images of the subbasal layer.
Central corneal sensitivity was evaluated with the Cochet-Bonnet esthesiometer (Luneau Ophthalmologie, Chartres, France) on all patients and controls as previously described. 6 In brief, this test mechanically stimulates corneal nerves by pressing a retractable 6-cm-long monofilament nylon thread of 0.12-mm diameter against the anterior corneal surface, shortening in steps of 1.0 cm if a positive response is not obtained. If a positive response is obtained, the thread is advanced by 0.5 cm. The longest filament length resulting in a positive response was considered the corneal sensitivity threshold, which was verified twice.
Image Analysis
An experienced masked observer selected three representative images for corneal subbasal nerves and three for dendritiform cell analysis from the central cornea of each eye from at least 50 good-quality images from each cornea that satisfied the criteria for selection. The best-focused complete images, with the whole image in the same layer and good contrast, were chosen from the basal epithelial layer and anterior to the Bowman's layer. Epithelial dendritiform cell density and the corneal subbasal nerve plexus were quantified by two masked observers with the National Institutes of Health free software, ImageJ (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD, USA; available at http://rsb.info.nih.gov/ ij/ [in the public domain]) and the plug-in NeuronJ (http:// www.imagescience.org/meijering/software/neuronj/ [in the public domain]). 15 Main nerve trunks were quantified by measuring their length and the total number of main trunks in one image ( Fig.  1E ). Nerve branches were calculated by measuring total length and the number of branches emerging from the main trunks in one image. Total nerve density was assessed by measuring the total length of all the nerve fibers in one frame in micrometers per millimeter squared (lm/mm 2 ), and the number of total nerves was defined as the absolute count of all nerves, including main nerve trunks and branches in one image ( Fig.  1F ). Dendritiform cell quantification (cells/mm 2 ) was performed using Cell Count software (Heidelberg Engineering GmbH) in the manual mode by identifying bright individual dendritiform structures with cell bodies in each image at the level of basal epithelium or subbasal nerve plexus. For cells that overlapped with the edge of the frame, the observers assessed two sides of the image from which to include cells.
Statistical Analysis
We analyzed results with Student's t-test, analysis of variance (ANOVA), Pearson correlation coefficient, and linear regression analysis. We used Bonferroni for adjustment for multiple comparisons. Differences were considered statistically significant for P values less than 0.05. Means and standard error of mean are reported for the parameters analyzed. Analyses were performed with STATA software (version 11, 2009; StataCorp LP, College Station, TX, USA).
A priori power analysis was conducted using data from a previous study in MK 5 to estimate a sufficient sample size to achieve a power of 80% and alpha error of 0.05. Post hoc power analysis was conducted after the study was completed to determine the power of the study, confirming the appropriate sample size for the study with a power of more than 98% for statistically significant variables.
RESULTS
We analyzed the contralateral clinically unaffected eyes and the infected eyes of 28 patients with MK, including bacterial (n ¼ 15), fungal (n ¼ 8), and Acanthamoeba (n ¼ 5) keratitis. Results were compared to a control group of 28 normal eyes and to a second control group of 15 eyes of 15 CL users. Demographic data of patients and controls are presented in Table 1 . There was no significant difference in age between the groups (patients versus controls P ¼ 0.17; patients versus control CL users P ¼ 0.24).
Dendritiform Cells by IVCM
Quantitative analysis of dendritiform cell density for all groups is shown in Table 2 . In the contralateral clinically unaffected eyes of patients with MK, the increase in epithelial dendritiform cell density was significantly higher as compared to both normal controls and control CL users (117.5 6 19.9 vs. 24.2 6 3.5 vs. 33.0 6 7.8 cells/mm 2 ; P < 0.001) ( Figs. 1, 2 ). The mean epithelial dendritiform cell density was also significantly higher When patients are grouped by different infectious etiologies (bacterial versus fungal versus Acanthamoeba), no significant differences in dendritiform cell density were observed in the contralateral clinically unaffected eyes between groups (P ¼ 0.91). The difference in mean dendritiform cell density between normal controls and control CL users was not significant (P ¼ 0.32). The intraclass correlation coefficient for the two masked observers for the dendritiform cell density parameters was 0.99.
Corneal Subbasal Nerve Plexus by IVCM
A summary of corneal nerve parameters for the eyes with MK, their contralateral clinically unaffected eyes, and the normal control and the control CL users is reported in Table 2 . Contralateral clinically unaffected eyes of patients with MK showed a significant reduction in the corneal subbasal nerve plexus parameters when compared to controls and to control CL users, albeit less in magnitude than the ipsilateral nerve changes (Fig. 1) .
Contralateral clinically unaffected eyes of MK patients demonstrated a significant diminishment of corneal nerves as compared to both control groups, including total nerve length (P < 0.001) and total nerve number (P < 0.001) and, predominantly, the length of nerve branches (P < 0.001) and number of branches (P < 0.001) ( Fig. 3 ). Nerve branches in the contralateral eyes were as severely affected as in the infected eyes, with no significant difference between these two groups (P ¼ 0.5). We did not find a significant decrease in main nerve trunks in the contralateral clinically unaffected eye as compared to both control groups (P ¼ 0.3).
As expected, the ipsilateral nerve changes were even more dramatic. We found a significant diminishment of the corneal nerves in the infected eyes as compared to both normal controls and control CL users, including decreased nerve density expressed as total nerve length and total number (P < 0.001), main nerve trunk length and number (P < 0.001), and branch length and number (P < 0.001), respectively (Fig. 3) . The comparison of patients with different infectious etiology (bacterial versus fungal versus Acanthamoeba keratitis) did not show significant differences in subbasal nerve density in the contralateral clinically unaffected eye (P ¼ 0.59).
Corneal sensation of the contralateral clinically unaffected eyes, as measured by the Cochet-Bonnet esthesiometer, was decreased (5.4 6 0.2 cm) as compared to that in both normal controls (6.0 6 0.0 cm) and control CL users (6.0 6 0.0), although this was not as noteworthy (P ¼ 0.64) as the reduction of corneal sensitivity in the affected eyes (3.8 6 0.4 cm; P < 0.001) (Fig. 4) .
The intraclass correlation coefficient for the two masked observers for the nerve parameters ranged between 0.75 and 0.96.
Correlation and Regression Analysis
Pairwise correlations and regression analysis were used to correlate the corneal morphologic features observed by IVCM with clinical or functional parameters. We observed a significant linear correlation between the increase in dendritiform cell density and the reduction in the total nerve length of the subbasal nerve plexus (R ¼ À0.63; P < 0.001) ( Fig. 5 ). Further, both the increase in dendritiform cell density and the reduction in subbasal corneal nerves were significantly correlated to the duration of the infection (R ¼ 0.53; P < 0.001; R ¼À0.41, P < 0.001, respectively). We did not observe a significant correlation between dendritiform cell density and age (P ¼ 0.087). As expected, we found a significant correlation between corneal nerve reduction and the corneal sensitivity decrease in patients with MK (R ¼ 0.65, P ¼ 0.001).
DISCUSSION
In the current study we demonstrate, through laser IVCM, that patients with MK not only have a significant increase in immune dendritiform cell density in the infected eyes, but also demonstrate these changes in the contralateral clinically unaffected eyes when compared to controls. To our knowledge, this is the first study showing immune cell alterations in the contralateral clinically unaffected eyes in MK.
Nerve damage in infected eyes could be related to the level of inflammation or directly related to the infectious pathogens, where fungi, Acanthamoeba, or bacteria could destroy nerves. Previous studies have shown that Acanthamoeba trophozoites are able to destroy nerves in vitro both by cytolysis and by ingestion. 16 In addition, the pharmacotherapy for MK is usually prolonged and toxic. [17] [18] [19] Berry et al. 18 have shown that exposure to antibiotics, antifungals, or their combinations results in increased drug-dependent toxicity. Thus, it is conceivable that the nerve damage observed in the affected eye could be due to the use of numerous combinations of antimicrobial eye drops by patients with MK. However, the underlying mechanisms that result in decreased nerve density and increased immune cell density in contralateral clinically unaffected eyes remain elusive.
Tissues exposed to the external environment, such as epithelial surfaces of the skin, respiratory, urinary, digestive tracts and the cornea, are densely innervated by nociceptors, transducing the noxious stimuli instantaneously and several orders of magnitude faster than the innate immune system, to be the first responder in host defense. 20 The axonal reflex, that is, the antidromic action potentials that are transmitted back down to the periphery, result in a local release of neural mediators. This ''neurogenic inflammation'' corresponds to the inflammatory symptoms that result from the release of bioactive substances from primary sensory nerve terminals that have been activated. The release of sensory neuropeptides, particularly substance P (SP) and vasoactive intestinal peptide (VIP), and the neuroimmune interactions can play a major role in the pathophysiology of allergic, inflammatory, and autoimmune diseases by amplifying pathologic immune responses. 21, 22 The release of neuropeptides such as SP and calcitonin gene-related peptide (CGRP) is a major initiator of neurogenic inflammation by acting on target cells in the periphery, such as vascular endothelial cells, smooth muscle cells, mast cells, and immune cells, releasing additional neuropeptides, nitric oxide, and cytokines, 20 leading to inflammation, which is characterized by vasodilation, swelling, and hypersensitivity. 23 Several findings support that sensory neuropeptides in the periphery not only act in the vasculature but also can directly attract and activate humoral components of inflammation, innate, and adaptive immune cells. [23] [24] [25] Anatomical studies have shown a direct apposition of nerve terminals to dendritic cells. Release of neuropeptides such as CGRP and VIP can induce degranulation or cytokine production, 25 altering dendritic cell function toward certain T helper cell responses by promoting the production of cytokines. 24 Although it may be surprising to find increased dendritiform cells and decreased nerves in the contralateral unaffected eye, there is previous evidence of bilateral nerve changes in unilateral diseases at the eye level, but not of immune cell changes as found in the current study. Our group has previously reported bilateral changes in corneal nerves after unilateral HSK 6 and HZO. 7 In the latter, we discuss that bilateral nerve alterations in unilateral HZO cases could be explained by central nervous system (CNS)-mediated contralateral effects as has been previously shown in contralateral undamaged areas after peripheral nerve lesions. [26] [27] [28] In an extensive review, Koltzenburg et al. 26 discuss several nonophthalmic studies, which have demonstrated that various unilateral diseases or peripheral unilateral nerve lesions can cause bilateral, topographically precise responses. The evidence of contralateral mirror responses is seen not only with neuronal injuries, but also in inflammatory lesions and responses in both animal models and in early reports in humans. 27 In addition, Streilein et al. 29 demonstrated that after intraocular inoculation of live virus in mice, the virus was found in both sides of the brainstem, as well as in the contralateral noninoculated eye of the mice. In line with these data, studies have shown that unilateral herpes infection can cause dryness in both eyes. 30 Finally our group recently demonstrated bilateral nerve alterations in an experimental unilateral neurotrophic keratopathy model by trigeminal axotomy in mice as soon as 24 hours after unilateral axotomy. 14 Our study, to our knowledge, is the first to demonstrate a contralateral immune or inflammatory response following a unilateral corneal insult in patients. Laser IVCM reveals the presence of corneal epithelial dendritiform cells in both the infected and the contralateral eye. We cannot, however, categorically define dendritiform cells as dendritic cells. Our identification is based on morphologic features of these cells, as we are unable to use phenotypic markers due to the in vivo nature of this study. While other cells, such as macrophages, can have a dendritic morphology as well, previous studies have shown that bone marrow-derived cells present in the corneal epithelium are predominantly dendritic cells. Previous studies in mice 3, 31, 32 and human corneas 8, 33, 34 have confirmed this. Moreover, according to a recent paper by Knickelbein et al., 35 the immune cells situated in the basal corneal epithelium are exclusively CD11c þ dendritic cells and CD207 þ Langerhans cells. Moreover, Guthoff et al. 36 described the different types of inflammatory cells based on morphology with the laser confocal microscope and parallel studies with immunohistochemical staining, showing that cell morphology, diameter of the cell body, and location of the cell aid the clinician in the correct interpretation of the confocal data. 36 Contralateral responses in unilateral inflammatory lesions, showing symmetrical inflammatory changes, have previously been shown in rheumatologic diseases. 27 Animal models have shown that inflammatory mediators can induce contralateral pain in symmetric areas after sciatic nerve damage. 28 Kidd et al. 37 induced a monoarthritis using latex spheres injected into the knee of male rats and showed that contralateral knee cellular infiltrates, mainly monocytes, were significantly elevated when compared with control animals and joints elsewhere in the affected rat. In addition, Bileviciute et al. 38 demonstrated neuropeptide release from the contralateral joint of rats following a monoarthritis with no signs of systemic inflammation. These contralateral responses were reduced in magnitude compared with the ipsilateral side, similar to what was seen in the current study. 38 Nevertheless, although all contralateral eyes were clinically unaffected, one cannot exclude the possibility of subclinical infections in the contralateral eyes of acute MK patients, which could theoretically result in subbasal corneal nerve diminishment and increased dendritiform cell density. However, this possibility is remote as no signs of fungal and Acanthamoeba elements were detected in any patients by IVCM, and the corneas remained completely clear by clinical examination.
Theoretically, it is possible that some of the increase in dendritiform cell density and corneal nerve alterations may be due to CL use alone and not due to the neurogenic inflammation triggered by infectious keratitis, particularly in the contralateral eyes. Previous studies have shown that long-term CL wear does not appear to affect corneal nerve density, distribution, or morphology. 39, 40 However, Zhivov et al. 41 demonstrated a minimal increase in dendritiform cell density in the central cornea of CL compared to normal control eyes (78 6 25 vs. 34 6 3 cells/mm 2 ), but they also showed that dendritiform cell density significantly decreased with the duration of CL use. Nevertheless, in order to rule out this possible effect of CL use on contralateral eyes, we included a second control group of CL users. In the current study the dendritiform cell density in the control group of CL users was significantly lower than the dendritiform cell density noted both in the infected eye and in the contralateral unaffected eyes, suggesting that alterations observed in contralateral eyes are likely due to the infectious/ inflammatory process and not due to CL use.
Previous studies have shown corneal nerve reduction in MK patients but have not demonstrated functional nerve changes or decreased corneal sensation after infectious keratitis. 5 Our study demonstrates a significant reduction in corneal sensitivity in the affected eyes of MK patients, a novel finding in MK that is not due to HSV or HZO. Moreover, our results show a significant positive correlation between corneal sensitivity loss and corneal nerve damage. Interestingly, although the diminishment of the subbasal nerve plexus was noted in both the affected and contralateral clinically unaffected eyes of patients with MK, corneal sensitivity diminishment reached statistically significance only in the infected eye. This could be explained by the fact that the magnitude of the nerve loss in the contralateral unaffected eyes was not as severe as in the eyes affected with acute MK. We have demonstrated in previous studies of HSK patients 6 and HZO patients 7 that the threshold of total nerve length for a patient to have normal sensation is only approximately 1000 lm/frame (or 7490 lm/mm 2 ) by slitscanning confocal microscopy: That is, the fact that abnormal sensation is noted by Cochet-Bonnet esthesiometer only with a substantial nerve reduction could explain why the sensation in the contralateral clinically unaffected eyes was perceived as normal despite a significant decrease in corneal innervation. Another possible explanation is that the Cochet-Bonnet esthesiometer, although considered the gold standard for measuring corneal sensation, stimulates only mechanical nociceptors; it is a very gross method of measuring corneal sensitivity and is less sensitive than measurements with the Belmonte esthesiometer. 42 For example, a study by Gallar et al. 43 performed with the Belmonte esthesiometer in the contralateral eye of patients with HSK infection showed a slightly decreased corneal sensitivity that did not reach statistical significance, but a significantly decreased heat sensation. 43 In conclusion, a coordinated bilateral interaction between the nervous system and the immune system takes place during unilateral corneal diseases. These systems share many similar molecular recognition pathways and can directly communicate with one another to have an integrated protective role. In the study presented herein, we demonstrate a sympathetic subclinical involvement in the contralateral clinically unaffected eye in patients with unilateral acute MK. In vivo confocal microscopy reveals not only a diminishment of the subbasal corneal nerves and sensation, but also an increase in dendritiform cell density in the contralateral unaffected eyes of MK patients. These contralateral responses may be important confounders in clinical trials, where investigators should use the contralateral clinically unaffected eye as control with caution. Moreover, if the bilateral increase in dendritiform cells can be seen as a sign of inflammation or immune activation, patients with unilateral disease would be at risk of developing bilateral ocular surface disease. However, long-term implications of the contralateral sympathetic immune response remain unclear. Thus, future longitudinal studies are required to assess the persistence or resolution of these changes, to elucidate whether they are disease specific, and to reveal the mechanisms and consequences of this phenomenon. Since these patients had localized infections, it would be particularly interesting to perform an assessment of the systemic immune response in future studies.
